Carbon is one of the most abundant materials on the earth, and has found applications in various fields, including catalysis.
Carbon nanotubes oxidized by a green method as efficient metal-free catalysts for nitroarene reduction † Carbon is one of the most abundant materials on the earth, and has found applications in various fields, including catalysis. 1 The direct use of carbon as an efficient and low cost catalyst is an attractive topic and meets the requirements of green and sustainable chemistry. Carbon, especially nanocarbon, was proved to be an excellent catalyst for the oxidative dehydrogenation (ODH) of both ethylbenzene and other light alkanes. [2] [3] [4] Besides, carbon materials such as graphite oxide, graphene and carbon nanotubes (CNTs) are suitable candidates for many liquid phase reactions. For example, benzyl alcohol could be selectively converted to its corresponding aldehyde in the presence of graphite oxide or nanoshell carbon; 5, 6 the oxidative coupling of benzylamine was promising in the presence of graphite oxide or doped graphene, 7-9 the nitrogen doped CNTs performed even better than metal or metal oxide for cyclohexane oxidation. 10 Selective reduction of nitroarenes is an important organic reaction, because the products are important intermediates for industrial applications. 11 The commonly used catalysts were based on different metals or metal oxides. [12] [13] [14] [15] However, carbon could also serve as a satisfactory metal-free catalyst for this reaction. [16] [17] [18] We found that the carbon nanotube oxidized by nitric acid (oCNT) performed better than the non-oxidized sample, and the performance could be further notably improved if the oCNT was annealed under noble gas flow at a certain temperature. Further studies suggested that the surface oxygenated groups were critical to activity. Among various functionalities, the carbonyl group seemed to be the most important, while the carboxylic group and anhydride played negative roles. 19, 20 In addition, the roles of different oxygenated functionalities were also studied by using various model catalysts. The results confirmed that the nitrobenzene reduction could occur under metal free conditions, and the oxygen functional groups played different roles. 21 These findings shed light on designing more effective catalysts for selective reduction of nitroarenes. Oxidation is a powerful method for functionalizing CNTs with oxygen-containing groups. Although the CNT could be effectively functionalized with flourishing oxygenated groups by concentrated nitric acid and/or its mixture with sulfuric acid under harsh conditions, [22] [23] [24] the corrosive acids as well as the nitrogen oxides generated during oxidation made this method environmentally unfriendly. In addition, thermal treatment of the oCNT was necessary to improve the activity as far as nitrobenzene reduction was concerned, 19, 20 In order to prepare different carbon catalysts, the commercially available CNT was first treated with concentrated HCl at room temperature and was denoted as rCNT. The oCNT was obtained by oxidizing the rCNT with concentrated HNO 3 in a 100 1C oil bath for 4 h. To fabricate the diluted H 2 O 2 functionalized catalyst, 1 g of the rCNT was dispersed in 20 mL of distilled water in an autoclave, followed by the addition of 4 mL of 30% H 2 O 2 into the mixture. The autoclave was then sealed and kept in a 100 1C oven for 4 h, and the resulting sample was designated as CNT-HP.
The catalytic performances of different samples were tested for the reduction of nitrobenzene using hydrazine monohydrate as the reducing agent. When the reaction was carried out in the presence of CNT-HP, the reaction proceeded quite fast at the initial stage: nearly 50% of nitrobenzene was converted within only 1 h. Then the reaction slowed down, but after 4 h only a small amount of nitrobenzene remained, and the substrate could not be detected after 5 h (Fig. 1 ). In addition, an excellent linear relationship between the initial conversion and the CNT-HP loading was observed (Fig. S1 , ESI †). Aniline was the dominant product during the whole process, and its selectivity was maintained at about 95% (Fig. S2a, ESI †) . In comparison, if the oCNT was employed as the catalyst, only 74.2% of nitrobenzene conversion was observed within 4 h, and there was still about 10% of nitrobenzene left after 5 h, suggesting that the oCNT was not as active as CNT-HP. But the main product was still aniline, and its selectivity was also around 95% (Fig. S2b, ESI †) . The experiments were repeated from two different aspects. On the one hand, we tested the efficiency of CNT-HP and oCNTs for nitrobenzene reduction in six parallel reactions, and each time fresh material derived from the same source was used (Fig. S3 , ESI †). On the other hand, we studied the catalytic performance of CNT-HP and oCNTs in four different sets for the nitrobenzene reduction, in which fresh materials from different sources were used (Fig. S4, ESI †) . All of the results indicated that H 2 O 2 oxidation may be an efficient method to prepare highly active carbon catalysts for nitrobenzene reduction.
Since H 2 O 2 is a green reagent, the oxidation of CNTs by H 2 O 2 may be promising for certain utilization. To prepare more active carbon catalysts, we oxidized rCNTs with concentrated H 2 O 2 under ambient atmosphere at different temperatures. Specifically, 1 g of rCNT was dispersed in 25 mL of 30% H 2 O 2 , and treated at different temperatures. The obtained material was denoted as CNT-HPX (X was the oxidation temperature) and employed in the reduction of nitrobenzene. Fig. 2 showed that the catalytic performance improved remarkably compared to CNT-HP when the rCNT was treated with concentrated H 2 O 2 . Each of the modified catalyst would provide a good catalytic result even at a relatively low reaction temperature (70 1C). In comparison, only 46.6% of nitrobenzene conversion was achieved for CNT-HP under otherwise the same reaction conditions.
We then examined the scope of substrates for the carboncatalyzed reduction. The conversion of different nitroarenes, such as 1,3-dinitrobenzene, 4-nitroanisole and 2-nitrofluorene were tested under the optimized reaction conditions in the presence of CNT-HP60. The results illustrated that full conversion was observed for each of the tested substrate, with good to excellent selectivity for the corresponding aniline (Table 1) . These findings suggested that the functionalized CNTs could not only effectively catalyze the reduction of nitrobenzene, but also serve as good catalysts for the reduction of some substituted nitroarenes.
To elucidate the reason for the improved performance of H 2 O 2 oxidized CNTs compared to oCNTs, the catalysts were studied by transmission electron microscopy (TEM), N 2 adsorption, thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS) and temperature programmed desorption (TPD). The TEM characterization was used to find if the different oxidation methods had a notable effect on the morphology of the carbon material. The TEM images (Fig. 3) revealed that the CNT samples existed in tangled form, while high resolution TEM showed that there was a small amount of amorphous carbon on the surface of each catalyst. So the morphologies of the catalysts were not changed no matter which oxidation conditions were selected in this study, and the improved activity of CNT-HP60 compared to other catalysts was not likely to have originated from the morphology aspect.
The specific surface area was measured by the BrunauerEmmett-Teller (BET) method using nitrogen adsorptiondesorption isotherms. The BET specific surface area was 195.7 m 2 g À1 for rCNT, while the values were 199.6, 205.4 and 211.3 m 2 g À1 for CNT-HP, CNT-HP60 and oCNT, respectively, suggesting that different oxidation methods has no obvious effect on the surface area. In addition, these catalysts exhibited nearly the same hysteresis loops (Fig. S5, ESI †) . The TGA was performed under a flow of argon (50 mL min À1 ) with a heating rate of 10 1C min À1 from 35 to 950 1C. The results revealed that oCNTs may contain the highest amount of oxygen functional groups, followed by CNT-HP60 and CNT-HP (Fig. 4) . Then we put our emphasis on CNT-HP60 and oCNTs for further study. XPS was used to analyze the surface state of the two catalysts. The binding energy was calibrated by referencing the C1s peak at 284.6 eV. The peak which was located at around 533 eV was ascribed to the O1s spectrum. Detailed information on surface oxygen functional groups would be obtained after the deconvolution of the O1s spectrum (Fig. 5) . The peak labeled as CQO which was centered at 531.7 eV was attributed to the carbonyl group. The peak located at 532.6 eV was ascribed to carboxylic acid, anhydride, ester and lactone, and was referred to as OQC-O. The hydroxyl group as well as ether was denoted as C-O (H), and was centered at about 533.7 eV. The total contents of surface oxygen were 3.6 at% and 2.7 at% for oCNTs and CNT-HP60, respectively ( Table 2 ). The carbonyl group on CNT-HP60 was calculated to be 0.3 at% after deconvolution, which was a little lower than that on oCNTs (0.5 at%). The contents of OQC-O were 1.6 at% and 0.7 at% on oCNTs and CNT-HP60, respectively. On the other hand, there was only a small difference in the amount of C-O (H) between the two samples. We previously found that the carbonyl group, the carboxylic group and anhydride has remarkable effects on nitrobenzene reduction, while other functionalities such as the hydroxyl group, ether and lactone seemed to have no or marginal effect on the reaction. Among these groups which took great parts in the reaction, carbonyl group was highly active, while carboxylic group as well as anhydride played a significant negative role in the activity. 19 As a result, a relatively less negative OQC-O on CNT-HP60 may be an important reason for its higher activity. The TPD analyses were performed under the same conditions for the two samples (Fig. 6) . The released amounts of both CO and CO 2 were higher for oCNT, suggesting that there were more oxygenated groups on oCNT. CO was derived from the decomposition of anhydride, ether, lactone, the hydroxyl group and the carbonyl group. Among these functionalities, the carbonyl group played an important role and served as a critical kind of active site, but anhydride was negative to the reaction, while the effects of other groups on the reaction could be neglected. Anhydride would decompose in the range from about 400 1C to 600 1C, but there was no remarkable difference for the CO profiles for the two samples in this range, indicating that there was no obvious difference in CO formation due to the anhydride decomposition of the two carbon catalysts. CO 2 was formed by the decomposition of a carboxylic group, anhydride and lactone, all of which were negative or not reactive. It showed that more CO 2 was formed from the oCNT than that from CNT-HP60 in the range from around 200 1C to 600 1C. The formation of CO 2 in this range was ascribed to the decomposition of the carboxylic group and anhydride. The CO 2 profiles suggested that there were more carboxylic groups and anhydrides on oCNT, which is in accordance with the XPS results. Because both functionalities played significant negative roles in nitrobenzene reduction, it was understandable that the low amount of CO 2 precursors leads to the relatively high activity of CNT-HP60. Besides, there was no obvious change in functional groups on the used CNT-HP60 compared to the fresh counterpart (Table S1 and Fig. S6, ESI †) .
In summary, the CNTs could be functionalized by H 2 O 2 , and the obtained materials exhibited better catalytic performance than that for HNO 3 oxidized samples in the reduction of nitrobenzene. With the assistance of several characterizations, including TGA, XPS and TPD, it suggested that the high activity of the H 2 O 2 oxidized sample may be ascribed to the relatively low content of the negative functionalities, such as the carboxylic group and anhydride. In addition, the H 2 O 2 oxidized sample could also effectively catalyze the reduction of some substituted nitroarenes. These findings may provide a facile method to prepare efficient carbon catalysts for green and sustainable chemistry. 
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